To assess the role of phosphatidylinositol turnover in taste transduction we have visualized, in rat tongue, ATP-dependent endoplasmic reticular accumulation of 45Ca2+, inositol 1,4,5-trisphosphate receptor binding sites, and phosphatidylinositol turnover monitored by autoradlography of [3H]cytidine diphosphate diacylglycerol formed from [3H]cytidine. Accumulated 45Ca2 , inositol 1,4,5-trisphosphate receptors, and phosphatidylinositol turnover are selectively localized to apical areas of the taste buds of circumvallate papillae, which are associated with bitter taste. Further evidence for a role of phosphatidylinositol turnover in bitter taste is our observation of a rapid, selective increase in mass levels of inositol 1,4,5-trisphosphate elicited by low concentrations of denatonium, a potently bitter tastant.
Different taste modalities employ diverse signaling mechanisms at taste buds in the tongue. Salty taste involves interactions of sodium with recognition sites resembling renal receptors for diuretics of the amiloride class (1, 2) . Sour taste is mediated by hydrogen ions impinging on recognition sites associated with potassium channels in the apical membrane of taste cells (3, 4) . Sweet substances stimulate adenylyl cyclase (5) , analogous to the stimulation by odorants of an olfactory adenylyl cyclase (6, 7) . Transduction mechanisms for bitter substances have been more elusive. Recently, Akabas et al. (8) described an increase in intracellular calcium elicited by the intensely bitter substance denatonium in a subpopulation of taste cells dissociated from rat tongue. Though specific signaling mechanisms were not elucidated, the increased levels of calcium appear to involve internal stores of calcium, consistent with a role for the phosphatidylinositol (PI) second messenger system.
One of the difficulties in molecular investigations of taste has been the sparsity of taste bud cells, with <1% of tongue surface area occupied by taste buds, which are diluted by the more abundant nontaste tissue. We have developed techniques to localize microscopically elements of the PI system, including autoradiography of inositol 1,4,5-trisphosphate (UP3) receptors and 45Ca2+ accumulated selectively by the endoplasmic reticulum calcium pump (9) as well as autoradiographic localization of PI turnover monitored as the accumulation of [3H]cytidine diphosphate diacylglycerol ([31H]CDP-DAG) (10) derived from [3H]cytidine (11) . In the present study we demonstrate an extraordinarily selective localization of calcium accumulation by endoplasmic reticulum, IP3 (13) .
[3H]IP3 Autoradiography.
[3H]IP3 autoradiography was performed as described (14) . Cryostat circumvallate papillae tissue sections (14 ,um) 
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Autoradiographic grains associated with 45Ca2+ uptake in circumvallate papillae are abolished by ortho-vanadate, which inhibits the calcium pump of the endoplasmic reticulum, but are not influenced by rotenone, ruthenium red, or oligomycin, inhibitors of the mitochondrial calcium transporter (data not shown). The calcium accumulation is abolished in the absence of ATP or magnesium (data not shown).
Examination under higher magnification reveals accumulated calcium that is highly concentrated at the apex of taste buds in the area of the taste pore, which is exposed to the tastants and is thought to contain the highest density of taste receptors (Fig. 1 B and G) . Direct histochemical staining of the calcium ATPase at high magnification also shows a similar selective localization to taste buds with an intense concentration in the area of the taste pore (Fig. 1G Inset) .
The accumulated calcium is markedly depleted in sections treated with 100 nM IP3 (Fig. 1 C and D) , which also decreases calcium accumulated by endoplasmic reticulum in brain slices, presumably by opening Ca2+ channels that release accumulated 45Ca2+. To Heparin is a potent inhibitor of IP3 receptor binding (19) and blocks IP3 release of 45Ca2+ in brain slices (20) . Heparin (100 ,g/ml) reverses the effect of IP3 on 45Ca2+ accumulation in the taste buds (data not shown). Innervation of the circumvallate papillae is provided by the glossopharyngeal nerve, whose transection is followed by degeneration of taste buds (12, 21 Stimulation of PI turnover by neurotransmitters, hormones, or other regulatory substances is secondary to activation of phospholipase C, producing increased mass levels ofIP3. Accordingly, we measured IP3 mass levels in dissected circumvallate papillae utilizing a sensitive radioreceptor assay (16) . Denatonium produces a rapid enhancement of IP3 mass levels, which is detected 15-30 sec after treatment with the tastant (Table 2) but is no longer apparent after 1 min (data not shown). This very rapid time course resembles the influence of neurotransmitters on IP3 mass levels in brain slices (22) .
To examine whether the influence of denatonium is tastespecific, we examined its effects on IP3 levels in epithelium adjacent to circumvallate papillae but which lacks taste buds. No effect on IP3 mass levels was observed in these specimens. We have also examined the effects of sucrose and quinine at 1 mM concentration and have not observed an alteration in IP3 mass levels.
Cholinesterase-staining nerve fibers have been described at the base of taste bud cells (23) . Whether these neurons are afferent or efferent has not been established, and it is not known whether they are acetylcholine containing, since many noncholinergic neurons stain for cholinesterase (24 involves taste buds, we imaged PI turnover autoradiographically (Fig. 3) . In the absence of carbachol, only diffuse, low levels of autoradiographic grains are observed over the epithelium ofthe circumvallate papillae. Carbachol treatment (1 mM) elicits a pronounced intensification of autoradiographic grain densities selectively associated with taste buds and highly concentrated toward the apical portion. (25) in which the PI cycle provides a signal transduction system for glandular secretion. Direct evidence for a role of PI turnover in bitter taste transduction comes from the ability of denatonium to rapidly and transiently augment IP3 levels in circumvallate papillae selectively. Interestingly, quinine does not augment IP3 levels. Since the increases in IP3 levels with denatonium are relatively small, the inactivity of quinine may relate to its substantially lesser potency than denatonium. Alternatively, quinine and denatonium may utilize different transduction mechanisms, as there is evidence for genetic determinants in the ability to taste different bitter substances. For instance, certain strains of inbred mice, which cannot detect particular bitter substances, still can respond to quinine (26) .
The transient enhancement of IP3 levels in response to denatonium resembles the transient rise in intracellular calcium with denatonium, which is detectable as early as 5 sec but which has substantially subsided by 30-60 sec (8 (27) , but both are restored by treatment with the muscarinic cholinergic agonist methacholine (28, 29) .
Besides a role in taste transduction, the PI system may also mediate olfaction. Odorants rapidly and transiently increase mass levels of IP3 in rat olfactory cilia (30) , and amino acid odorants increase PI turnover in olfactory tissue of catfish (31) . Other parallels also exist between taste and olfaction, such as a role for odorant-and tastant-sensitive adenylyl cyclases (5-7). Also, von Ebner's glands secrete a protein whose amino acid sequence (32) shows marked homology to that of the odorant binding protein (33) .
